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Adsorption of lead ion by a polyether sulphone-type chelating membrane
bearing aminophosphonic acid functional groups
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ABSTRACT

A polyether sulphone (PES)-type chelating membrane containing aminophosphonic acid groups was
fabricated for the purpose of Pb(II) removal from the aqueous solution. Effects of pH, initial Pb(II)
concentration, temperature, contact time, thickness of membrane stack, flow rate, three coexisting
cations (Cd(II), Ni(Il) and Cu(ll)), and three complexing reagents (citric acid, nitrilotriacetic acid
and ethylenediaminetetraacetic acid) on the Pb(Il) adsorption by the membrane were evaluated.
The adsorption kinetics, adsorption isotherms and breakthrough curves with the presence of the
six coexisting substances were studied. The adsorption-diffusion partial differential equations for
Pb(Il) adsorption were analyzed and verified by energy dispersive X-ray spectroscopy and X-ray
photoelectron spectroscopy. In addition, the reused performance of the membrane was evaluated. The
presence of coexisting substances reduces the Pb(Il) uptake, Cu(Il) and ethylenediaminetetraacetic
acid show a more remarkable interference than other cations and complexing reagents. The Langmuir
and pseudo-second-order models are competent for the description in adsorption isotherms and
adsorption kinetics; the breakthrough process can be described by the bed depth service time model.
The Pb(II) adsorption is a spontaneous and exothermic process. When Pb(II) permeates through the
membrane stack, the decrease of this metal uptake along the axial depth direction is validated.

Keywords: Polyether sulphone-type chelating membrane; Heavy metal adsorption; Coexisting
substance; Breakthrough curve; Adsorption—diffusion partial differential equation.

1. Introduction

Heavy metal pollutants such as Pb(II), Ni(Il), Cd(I),
Hg(II), Cr(VI) and Cu(Il) endow the characteristics of refrac-
tory biodegradation, tending to accumulation in the food
chain, convenient transportation among the biological chain
as well as variable state, and thus resulting in hazardous
effects on ecological environment and human being health
[1]. Wastewater containing Pb(II) derived from battery, petro-
leum, gasoline, paint, glassware and electroplating industries

* Corresponding authors.

has received a tremendous attention due to its considerable
biotoxicity [2]. Pb(II) pollutant can cause damage to liver,
kidney, brain, central nervous and reproductive systems as
well as basic cellular processes [3]. Also, this pollutant may
result in severe symptoms of weakness, abdominal pain and
even death. Thus, the Pb(II)-containing effluent should be
tremendously treated before discharge [4]. It is unambigu-
ously urgent to exploit sufficient, robust and cost-effective
techniques for the removal of this metal ion from aqueous
solution, to guarantee the drained effluent being harmless.
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Up to present, techniques of chemical precipitation and
coagulation [5,6], ion exchange [7], biological treatment
[8], membrane separation [9], adsorption [10,11] have been
explored to remove Pb(Il) from aqueous solutions. Among
these approaches, the adsorption process has been extensively
employed for the disposal of metal pollutants, on account of
the efficient and economical features and the competent ability
for recycling of metal ions from the dilute solution. Currently,
in terms of merits of easy fabrication, effective cost, nonexis-
tence of phase change, and high disposal efficiency, the mem-
brane separation process is drawing an increasing concern
for the removal of heavy metals [12-14]. From an engineering
perspective, electrodialysis, reverse osmosis, nanofiltration
and colloid- or polymer-enhanced ultrafiltration membrane
techniques [9,15-17] have been already employed to remove
metal pollutants. But the defects including high operating cost
as well as superfluous pretreatment or post-treatment retard
their wide applications. Compared with membrane processes
above-mentioned, low pressure-driven microfiltration and
ultrafiltration membrane techniques can be considered as the
substitute because of the high permeation flux and nonstrict
pretreatment. However, the conventional modules of these
two membranes cannot capture the dissolved metal pollutants.
With this regard, alternatives of these two membranes with
the function of metal capture deserve to be developed. As well
known, some powder-type adsorbents assembled by penta-
ethylenehexamine, nitrilotriacetic acid (NTA), ethylenedi-
aminetetraacetic acid (EDTA), diethylenetriaminepentaacetic
acid (DTPA), ethylenediamine tetramethylene phosphonic
acid (EDTMPA), and hyperbranched polyamidoamine
(HPAMAM) chelating groups [18-24] exhibit a significant
performance in removal of metal ions. But, the inconveniently
recycling defect constrains engineering applications of these
adsorbents. Being similar to the aforementioned adsorbents
with the equivalent adsorption efficiency in trapping metal
pollutants, alternatives of microfiltration and ultrafiltration
membranes bearing some aforesaid chelating groups (such as
EDTMPA and DTPA) are manifested to be competent for the
removal of heavy metals [21-24].

The polyether sulphone (PES) separation membrane
has been widely used in water treatment field because of its
excellent chemical stability, anti-fouling performance and
prominent mechanical property [25]. To unravel the conun-
drum of conventional PES microfiltration and ultrafiltra-
tion membranes uncapable of capturing heavy metals via
an adsorption process, the incorporation of ion-exchange
and/or chelating groups into PES polymer matrix has been
attempted [26]. The grafting of amino functional groups
into PES molecular chain can capture heavy metal ions from
wastewater [27,28]. Howbeit, the removal efficiencies in some
metal pollutants (such as Pb(II), Ni(II) and Cd(II)) are unde-
sirable. Although the physical blending of DTPA, EDTMPA,
HPAMAM and other chelating groups with the form of col-
loid microparticles into the membrane matrix will be appli-
cable for the removal of metal ions [29,30], defects involving
the heterogeneity distribution of blended microparticles, and
the decrease in filtration flux and surface pore size cannot be
ignored [31]. The nitrogen and oxygen atoms of amino phos-
phonic acid and amino carboxylic acid possess strong electro-
negativity, exhibiting an excellent affinity to heavy metal ions
[29,30]. Hence, amino phosphonic acid or amino carboxylic

acid group incorporated into PES molecular chain by a chem-
ical grafting process will be expected to sufficiently capture
heavy metal ions from the aqueous solution. With regard to
this consideration, the PES membrane matrix modified with
amino phosphonic acid functional group via a chemical graft-
ing reaction can be recommended: the PES molecular chain
is first aminated to introduce the amine group, and then the
incorporated amine group is phosphorylated; so the anchored
aminophosphonic acid functional group will be more compe-
tent than the amine group for removal of heavy metal pollut-
ants. To our knowledge so far, insufficient effort has focused on
the modification of PES membrane via the above-mentioned
route to boost the capture of metal pollutants.

In this study, we aim to offer an effective method for
the removal of Pb(ll) from electroplating effluent via the
membrane adsorption process. Thus, a PES-type chelating
membrane bearing aminophosphonic acid functional group
was fabricated and employed to remove Pb(II) from aque-
ous solutions. The morphology, chemical components and
groups of the fabricated chelating membrane were charac-
terized using field emission scanning electron microscopy
(FE-SEM), energy dispersive X-ray spectroscopy (EDS) and
X-ray photoelectron spectroscopy (XPS). The batch and con-
tinuous adsorption tests for Pb(II) uptake by the membrane
were carried out. Effects of pH, temperature, contact time,
initial Pb(II) concentration, membrane thickness and flow
rate on the uptake of this metal were evaluated. Also, effects
of coexisting Cu(II), Ni(II) and Cd(II) three cations, as well as
citric acid (CA), NTA and EDTA three complexing reagents
were assessed. The adsorption kinetics and adsorption iso-
therms of Pb(II) adsorption were investigated at the pres-
ence of the coexisting cations and complexing reagents. The
breakthrough curves were determined by continuous filtra-
tion tests, and obtained data were analyzed by the bed depth
service time (BDST) model. The adsorption—diffusion partial
differential equations (PDEs) related to Pb(II) throughout the
membrane stack were analyzed and validated by EDS and
XPS measurements. In addition, the reused property of this
membrane was evaluated.

2. Experimental methods
2.1. Materials

PES (Ultrason E6020) powders with a molecular weight
ca. 58,000 were provided by BASF (Ludwigshafen, Germany).
The reagents of trichloromethane, N,N-dimethylacetamide
(DMAc), diethylenetriamine (DETA), triethylamine, para-
formaldehyde, anhydrous phosphorous acid, Pb(NO,),
Cd(NO,),4H,O, Ni(NO,),:6H,0, Fe(NO,),-9H,0, CA, NTA,
EDTA, absolute ethanol, sodium acetate, glacial acetic acid,
hydrochloricacid (36.5 wt%) and sodium carbonate were pur-
chased from Jingchun Scientific Co., Ltd. (Shanghai, China);
other reagents including chloroacetyl chloride and anhy-
drous aluminum trichloride were purchased from Kemiou
Chemical Reagent Co., Ltd. (Tianjin, China). All the reagents
were of analytical grade and used as received. The stock solu-
tion of Pb(II) (100 mmol L) and those of coexisting cations
(100 mmol L) and complexing reagents (100 mmol L) were
prepared by dissolving weighed amounts of Pb(NO,), and
the corresponding cation-containing salts and complexing
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reagents in deionized water. The Pb(II) working solutions
were prepared by diluting the stock solution to appropriate
volumes.

2.2. Preparation of PES-type chelating membrane

First, PES powders were chloroacetylated and this pro-
cess was carried out based on our previous work [27]. For
the chloroacetylation process, the additions of PES polymer,
chloroform, anhydrous aluminum trichloride and chloroace-
tyl chloride were 6 g, 90 mL, 4 g and 4 mL, respectively; the
reaction temperature and time were 313 K and 6 h. After the
chloroacetylation pretreatment, the PES powders were dis-
solved into 30 mL. DMAC, then 4 mL DETA was added to the
solution. The temperature of this solution was kept at 343 K,
and the bonding interaction between chloroacetylated PES
and DETA occurred 4 h at this temperature. After that, 4 mL
CH,COOH (5 wt%) solution was added to the solution and
followed by stirring another 2 h to obtain the casting solution.
The aminated PES membrane (DETA-PES) was fabricated via
a phase transfer process with deionized water as the coagula-
tion bath and the clean glass plates as casting supports.

The obtained DETA-PES membrane was pulverized and
followed by soaking adequately using 50 mL anhydrous
methanol, then 24 mL triethylamine, 12 g paraformalde-
hyde were added to the soakage solution, and the solution
was stirred 4 h at 333 K. Then, 4 mL concentrated hydro-
chloric acid and 24 g phosphorous acid were added to the
above-mentioned soakage solution. The temperature of this
solution was controlled at 368 K using water bath, and the
phosphorylation procedure of DETA-PES membrane debris
was carried out 6 h. Afterward, the membrane debris was col-
lected, cleaned with deionized water and followed by drying
at 333 K.

The preparation process of PES-type chelating membrane
was shown as follows. First, 4.5 g phosphorylated DETA-PES
membrane debris was stirred dissolved in 25 mL DMAc at
353 K, then 4 mL CH,COOH (5 wt%) aqueous solution was
added to the solution and it was stirred for 4 h. After that,
the PES-type chelating membrane was fabricated using the
similar phase transfer method mentioned earlier. Lastly, the
fabricated membrane was soaked in 2 wt% sodium carbonate
aqueous solution to form the porous structure of this mem-
brane. For the purpose of comparison in Pb(I) uptake, except
for DETA-PES membrane, the pristine PES membrane was
also prepared. The preparation process of PES-type chelating
membrane and the uptake of Pb(II) is depicted by Fig. 1.

2.3. Membrane characterization

The surface and cross-sectional morphologies of PES-
type chelating membrane were monitored by a SUPRA55
FE-SEM (Zeiss, Germany). The functional groups of the mem-
brane were detected by a E55+FRA106 Fourier transform
infrared spectroscopy (FTIR, Bruker, Germany). Before and
after adsorption of Pb(Il), an EDS attached to the previously
mentioned microscope was employed to determine chemi-
cal components of the membrane. Also, an X-ray photoelec-
tron spectrometer (XPS) (ESCALAB 250, Thermo Fisher, UK)
with Al Ka as the radiation source was used to characterize
the elements of the membrane, where the C 1s peak from

graphitic carbon at 284.6 eV was employed to calibrate the
binding energy. The existing form of Pb(II) was analyzed by
the HySS 2009 code. Additionally, filtration flux, mean pore
size and point of zero charge (pH, ) of this chelating mem-
brane were measured by the water permeability method and
a batch equilibration method [27,31,32], respectively.

2.4. Adsorption experiments
2.4.1. Static adsorption test

The series of static adsorption tests were carried out in
200 mL Pb(II)-containing solutions, each test was performed
in triplicate and the average adsorption capacity of Pb(II) was
adopted. The effect of pH on the adsorption of Pb(II) was eval-
uated at 298 K by keeping the contact time as 1 h and chelat-
ing membrane addition at 0.1 g; pH value of the solution was
adjusted to a range of 1-7 using a buffer solution consisting
of 0.2 mol L™ acetic acid and 0.2 mol L™ sodium acetate. The
determined optimum pH value was employed for all other
adsorption processes. For the single Pb(Il) system, the influ-
ences of contact time and temperature (288, 298 and 308 K)
were evaluated in 200 mL solution; the initial concentration of
Pb(Il) and addition of chelating membrane were 1.0 mmol L™
and 0.1 g, respectively. At the different time interval (i.e., 5,
10, 30 and 60 min), 1 mL aliquot was taken from the solution
and then Pb(II) concentration was determined by an atomic
absorption spectrophotometer (AA6800, Shimadzu, Japan).
The adsorbed amount of Pb(Il) at time ¢ (9, mmol g™) by the
chelating membrane was obtained as that:

q,= [(c;=¢)xVIIM @™

where ¢, and ¢, (mmol L) are the Pb(II) concentration at ini-
tial time and time ¢, respectively, M (g) the dry weight of the
chelating membrane, and V (L) is the volume of the aqueous
solution. The derived data at 298 K was employed for the
analysis of adsorption kinetics. At the condition of adsorption
equilibrium, the isotherm adsorption test were performed at
different initial Pb(Il) concentrations (0.2-1.2 mmol L) with
0.5 g L™ addition of the membrane debris; based on this test,
the effect of initial Pb(II) concentration on the uptake of this
metal was also assessed.

The studies of adsorption kinetics and isotherm adsorp-
tion for other six systems with regard to the existence of
Cu(II), Ni(II), Cd(II), CA, NTA and EDTA were conducted
by the same methods as those of the single Pb(II) system at
298 K. All concentrations of coexisting substances and Pb(II)
were 1.0 mmol L™.

2.4.2. Continuous filtration test

The continuous experiments were performed at 298 K
using a single-pass membrane module with Pb(II)-containing
effluent circulating back to influent, where the membranes
with a thickness of 180 pm and a diameter of 50 mm were
enclosed layer by layer. The setup of membrane stack and
the detailed filtration process can be referred to our previous
report [33]. The flow rate was controlled by adjusting
the pressure taps in inlet and outlet, and the temperature of
the influent was maintained using a heat-exchanger. During
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Fig. 1. Schematic diagram of preparation for the PES-type chelating membrane and the uptake of Pb(II).

the adsorption filtration, influent containing 1 mmol L™
Pb(II) with pH value of 5.4 was pumped through the mem-
brane stack. Periodically, 1 mL of effluent was withdrawn to
determine the residual Pb(II) concentration. Thus, influences
of flow rate (0.28, 0.46 and 0.57 cm min™) and thickness of
membrane stack (0.18, 0.36 and 0.72 mm) on the Pb(I) uptake
were assessed.

The breakthrough curves for single Pb(II) and other six
coexisting systems were tested at 298 K using the aforemen-
tioned single-pass membrane setup; herein, notbeing perfectly
similar to above-described process, the effluent was not circu-
lated back to influent. Keeping the flow rate at 0.46 cm min™,
the solutions were pumped through above-mentioned three
membrane stacks with different thicknesses mentioned ear-
lier, and the effluent was collected from the outlet to measure
the concentration of Pb(II) at different intervals (0, 10, 30 and
60 min). During the test, the difference in pressure at inlet
and outlet (namely, transmembrane pressure [TMP]) was
recorded. The obtained breakthrough curves were analyzed
by the BDST model. The linear relationship between mem-
brane stack thickness (Z) and the breakthrough time (t, at
the point with the concentration ratio between effluent and
influent as 0.05) of this model is shown as follows [34]:

N
tb:—OZ—Lln S 4 )
v Kge, \c

a t

where N is the saturated adsorption capacity of the mem-
brane stack (mmol L), ¢, (mmol L™) is the initial Pb(II) con-
centration in influent, ¢, (mmol L) is the concentration of
this metal at time ¢, and v is the linear velocity (cm min™). K,
represents the rate constant (L min™ mmol™).

2.5. Analysis of adsorption—diffusion PDEs
2.5.1. Model and assumption

The filtration models for describing Pb(II) through the
chelating membrane are depicted by Fig. 2, and the 2D
model was employed to analyze PDEs. To describe the dis-
tribution pattern of Pb(Il) passing through the chelating
membrane along the sectional thickness direction, the follow-
ing assumptions [35-37] were made: (1) the unsteady state
convection—diffusion equation coupled by the Langmuir
adsorption isotherm can adequately describe behavior of the
system; (2) Pb(II) is considerably adsorbed by the deionized



282 L. Song et al. / Desalination and Water Treatment 146 (2019) 278-295

(a)

Outflow:cy.v

JREAR

&

Influx co,v

Outflow:cqy: v

Outflow:cgy.v

h.
; i width
Influx:co.v Influx:co.v
3D model 2D model

(b) ©

Fig. 2. Diagram illustration of Pb(Il) throughout membrane stack: (a) the membrane filtration setup with a three-layered membrane
stack (1—power button, 2—membrane test cell, 3—outlet valve, 4—side valve, 5—inlet valve, 6—crossflow valve, 7—outflow
pressure gauge and flowmeter, 8—crossflow pressure gauge and flowmeter, 9—inlet pressure gauge and flowmeter); (b) 3D model;

(c) 2D model.

aminophosphonic acid groups of chelating membrane; (3) the
chelating groups on the membrane surface have no influence
on adsorption and transfer of Pb(Il) through the membrane;
(4) Pb(II) transfers through the membrane is only in thick-
ness direction and no any considerable dispersion, that is, the
radial diffusion, radial convection and surface diffusion are
negligible; (5) the internal porosity of the membrane and the
transmission velocity of Pb(II) through the membrane remain
constant during the filtration process, and the diffusivity of
this metal is independent from other coexisting substances;
(6) the accumulation of Pb(II) via the adsorption process does
not change the bulk porosity of the membrane.

2.5.2. Adsorption—diffusion equation

The temporal and spatial variations in Pb(II) uptake
along the membrane thickness direction can be described by
the following basic mass balance equation (Eq. (3)) [38,39]:

ac oq o%c dc
x—+(l—-g)x—=exDx———gxux—
By PUmE g mex Dy ey ®)

In the left-hand side of Eq. (3), the first term hints the
change in equilibrium concentration of Pb(II) in the solution,
and the second term indicates the equilibrium concentration
of this metals in the membrane (i.e., the amount uptake of this
metal by the membrane). While two terms in the right-hand

side represent the rate of Pb(II) transfer across the membrane
due to diffusion and convection. Where, ¢ is membrane bulk
porosity, t is the time, c is the equilibrium concentration of
Pb(Il) in the solution adjacent to membrane, g is the equi-
librium concentration of Pb(II) in membrane (the amount
of Pb(II) captured by the membrane), D is the diffusivity of
Pb(Il), and u is the superficial velocity of the feed. z indicates
the axial coordinate, also indicating the thickness direction
along the membrane. The initial and boundary conditions
corresponding to Eq. (3) are described as follows [38,39]:

c=0,at z20, t=0 (4)

g=0,at z>0, t=0 (5)
oc

sxuxc—sxDxa—:exuxco, at z=0, t>0 (6)
74

oc

—=0, atz=L, t>0

pe @)

where L is the thickness of the membrane stack, and c, is
the initial concentration of Pb(II) in the feed. z=0, and z = L
present the positions of the top end and the lowest end of
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membrane stack, respectively. For the Pb(Il) distribution
between membrane and solution, the adsorption/desorption
equilibrium was employed to describe the Langmuir iso-
therm. This isotherm involves a second-order kinetic
reversible process between adsorption and desorption,
which is shown as follows [35,40]:

0 .
a—z=kadsxcxw — )~ kg, xq (8)

herein g* is the maximum possible concentration of Pb(II) in
the membrane; k , and k, _are the adsorption and desorption
rate constants, respectively. The set of equations mentioned
earlier (Eqs. (3)-(8)) describing the behavior of Pb(II)
through membrane stack were analyzed by the chemical
engineering code in Comsol Multiphysics 5.2 software.
The above-mentioned parameters were valued as follows:
0.36 mm for L, 1 mmol L for ¢, 0.53 L mol™s™ for k_,
5.24 x 10 s™" for k, , 2.0 mmol L™ for g%, 9.45 x 10® m* s™* for
D, 7.72 x10° m s™! for u, and 0.5 for ¢.

2.6. Desorption experiment

The reused property of fabricated chelating membrane
was evaluated via an adsorption/desorption process using
0.5 mol L™ of sulphuric acid (H,SO,) solution as the elution
agent. The Pb(Il)-saturated adsorbing membrane with a dry

F | W= 63

weight of ~0.1 g was immersed in 200 mL of elution solu-
tion to release the adsorbed Pb(Il), then the chelating mem-
brane was immersed into 1 mmol L Pb(IT) solution for the
uptake of this metal again; this process was repeated 10 times
to examine the reusability of the chelating membrane. The
amounts of adsorbed and eluted Pb(Il) during these tests
were determined, and the desorption efficiency (DE) was
calculated via Eq. (9) [41,42]:

DE= (q,/4,)x100% )

where g, is the desorbed amount of Pb(Il) from the mem-
brane (mmol g™), while g, is the adsorbed amount of this
metal (mmol g™) at equilibrium in the following adsorption
process.

3. Results and discussion
3.1. Characterization of the chelating membrane
3.1.1. FE-SEM/EDS analysis

The surface and the cross-sectional morphologies of
the PES-type chelating membrane (Figs. 3(a) and (b)) were
characterized by SEM measurement, and the insets are
those of aminated PES membrane (DETA-PES). Explicitly,
both the chelating membrane and DETA-PES membrane
have a uniform microporous surface structure. Base on the

Mag = SO

Fig. 3. FE-SEM and EDS of fabricated PES-type chelating membranes: (a) surface morphology; (b) cross-sectional morphology;
(c) EDS spectrum before Pb(II) adsorption; (d) EDS spectrum after Pb(II) adsorption.
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cross-sectional pictures (Fig. 3(b)), it can be seen that the fin-
ger-like pore structure near the surface (indicated by a circle)
and the sponge-type structure (described using a rectangle)
in the inner can be observed for these two membranes. This
two-layered configuration will be helpful for the perme-
ation of solution throughout the membrane and the reject
of small-sized particles. The mean pore sizes for chelating
membrane and DETA-PES membrane are 0.13+ 0.02 and
0.15+ 0.02 um, and the determined pure water permeations
of them are 660+ 15 and 732+ 21 L m2 h! at 0.1 MPa. Thus,
the differences in structure and permeation flux between the
above-mentioned two membranes are unremarkable.

Also, the EDS spectra of the chelating membrane before
and after Pb(Il) adsorption were recorded (Figs. 3(c) and
(d)). Before the Pb(Il) adsorption, elements of carbon, sili-
con, oxygen, sulfur and phosphorus are detected, inferring
the aminophosphonation of PES molecular chain and the
incorporation of aminophosphonic chelating group into this
polymer matrix. Except for the above-mentioned elements,
the lead element is also identified after the adsorption, which
suggests that Pb(II) is captured by the cheating membrane
from the solution.

3.1.2. FTIR spectra

The FTIR spectra of DETA-PES, and the fabricated che-
lating membranes before and after Pb(Il) adsorption were
measured and they are presented in Fig. 4. As indicated by
Fig. 4(a), the three peaks at 1,150, 1,296 and 1,321 cm™ are
the symmetrical and asymmetrical stretching vibration peaks
of the S=O functional group in PES molecular chain [27]; the
stretching vibration peak between benzene ring and S atom
locates at 1,103 cm™. The absorption peak at 1,656 cm™ can
be attributed to the stretching vibration of -NH, group [43],
indicating that the DETA functional group is successfully
grafted to the PES chain.

For the FTIR spectrum of chelating membrane (Fig. 4(b)),
compared with Fig. 4(a), the absorption peak at 1,656 cm™

1103 1150 129g 1321
Nid 1656
rd t_(a)
5
g
e | B o 1670 (—(b)
& WA \ 1_
= s \efemre, Emarnacy
A I\ —(C

/ﬁ ".\/f\'w, . ! I\ 1684 | ()

VAR Ve AW NN =
600 900 1200 1800 2100

1500
Wavenumber/(cm ") 7
Fig. 4. FTIR of the fabricated membranes: (a) DETA-PES

membrane; (b) chelating membrane before Pb(II) adsorption;
(c) chelating membrane after Pb(II) adsorption.

almost disappears and a new absorption peak at 1,670 cm™
can be observed, this peak is ascribed to plane bending of
—OH in phosphonic acid functional group [41,44,45]. In addi-
tion, another new absorption peak appearing at 1,435 cm™ is
detected, which can be identified to the stretching vibration
model of P-C bond [41,46], thus suggesting incorporation of
aminophosphonic acid group into the chelating membrane.
After the Pb(Il) uptake (Fig. 4(c)), the peak at 1,670 cm™
shows a negative shift and its intensity also decreases some-
what, this may be due to the Pb(Il) capture by the chelating
membrane.

3.1.3. XPS analysis

The determined XPS spectra of the chelating membrane
before and after Pb(II) adsorption are given in Fig. 5. For the
spectra shown by Fig. 5(a), the peaks at binding energies of
27.2,171.2,235.2, 288, 134, 402.4 and 535.2 €V are attributable
to O 2s,52p, S2s, C1ls, P2p, N 1s and O 1s, respectively.
The presence of P 2p and N 1s validates the introduction of
aminophosphonic acid chelating group. Based on the XPS
measurement, for the chelating membrane, the atomic con-
tents of detected elements are reported as follows: 72.9% for
C, 18.65% for O, 3.96% for S, 3.02% for N, 1.47% for P. To take
the ratios of N/S and P/S into view, the percent grafting of
DETA and phosphonic acid could be calculated. The N/S and
P/S ratios are 1.74 and 0.38, thus the grafting ratios of DETA
and phosphoric acid anchored to PES molecular chains are
58% and 38%. After Pb(II) adsorption, the peaks related to Pb
4f can be identified except for above-mentioned six elements
(Fig. 5(b)), indicating the capture of Pb(Il) by the chelating
membrane.

The high resoluted N 1s spectra before and after adsorp-
tion of Pb(Il) are shown in Figs. 5(c) and (d). Before Pb(II)
adsorption, the peaks at 399.2, 400.3, and 400.5 eV are
indicative of the existence of -NH,, -NH- and C-N groups
[47,48], respectively. After the uptake of Pb(Il), all intensities
of these three peaks decrease. Additionally, the two peaks
corresponding to -NH, and C-N groups shift to 399.6 and
400.7 eV. This can be due to the capture of Pb(II) by the mem-
brane, that is, via the complexing interaction between this
metal ion and N atoms in the chelating groups. The decon-
voluted P 2p spectra before and after Pb(II) adsorption of are
shown in Figs. 5(e) and (f). Where, peaks with binding ener-
gies of 133.3 and 132.4 eV are attributed to P-O (P-OH and
P=0) and P-C bonds [47,49]. After adsorption of Pb(Il), there
is no significant change in position and intensity for the P-C
bond, thereby indicating that the P atom does not participate
the chelating reaction. However, the binding energy of the
P-O bond shifts to 133.6 eV, and its strength intensity also
decreases, suggesting that the oxygen atoms in P-O take part
in the capture of Pb(II) during the adsorption process.

3.2. Effects of basic variables

The effects of basic variables (pH, contact time, tempera-
ture, initial concentration of Pb(II)) on the adsorption of Pb(II)
by the chelating membrane are illustrated in Fig. 6. As indi-
cated by Fig. 6(a), it can be clearly seen that the Pb(II) uptake
by the membrane rises (1 < pH < 5.4) and then decreases
with the pH value beyond 5.4. At a low pH (1 < pH < 4), the
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Fig. 5. XPS of the chelating membrane: (a) full spectrum before Pb(Il) adsorption; (b) full spectrum after Pb(Il) adsorption;
(c) N 1s spectrum before Pb(Il) adsorption; (d) N 1s spectrum after Pb(II) adsorption; (e) P 2p spectrum before Pb(Il) adsorption;

(f) P 2p spectrum after Pb(II) adsorption.

uptake of Pb(Il) reduces due to a large amount of existent
H*, which will inhibit the ionization of phosphonic acid func-
tional group and reduce the chelating reaction between this
chelating group and Pb(II). Also, H* can compete with Pb(II)

for occupying the active sites on the membrane. It can be
seen from Fig. 6(b) when pH is higher than 6 but less than
7, a part of Pb(Il) can change to Pb(OH)" and [Pb,(OH),]*,
the adsorption capacity of this metal also tends to decrease.
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Fig. 6. Effects of pH, initial Pb(II) concentration, contact time and temperature (solution volume: 200 mL; membrane addition: ~0.1 g):
(a) effect of pH (c,(Pb(II)): 1.0 mmol L™; T: 298 K; t: 60 min); (b) form of Pb*" in solution at different pH value; (c) effect of contact time

and temperature (c,(Pb(Il)) =

The conditions (pH > 7, and pH < 3) are not considered
because the uptake of Pb(Il) is not dominant at these condi-
tions. As the pH value is in the range of 5~6, the competition
of H* is not prominent and the phosphonic acid group exists
in the ionized form, which will be value for the capture of
Pb(II). The optimized pH value for Pb(Il) adsorption is 5.4,
consistent with the determined pH (inset in Fig. 6(a)); the
adsorption capacity of Pb(Il) by the chelatmg membrane at
this pH reaches the largest value (0.88 mmol g™).

It can be seen from Fig. 6(c) that the process of Pb(II)
adsorption consists of two stages, namely the fast stage (first
10 min) and the slow stage (from 10 to 50 min). The adsorp-
tion rate increases rapidly in the first stage because there are
available sites for the capture of Pb(II). On the other hand, in
the following slow stage, the adsorption rate of Pb(II) uptake
decreases due to the fact that most active sites on the surface
and micropores are already occupied. In addition, the uptake
of Pb(II) declines with the increase in temperature, indicating
the exothermic nature of this adsorption process [50].

The influence of initial concentration of Pb(II) on its
adsorption performance is presented in Fig. 6(d). The Pb(II)
uptake at 298 K enhances with the increase in concentration
of this metal, and it increases from 0.62 to 0.88 mmol g™ with

1.0 mmol L™; pH: 5.4); (d) effect of initial Pb(II) concentration (T: 298 K; pH: 5.4; t: 60 min).

the concentration rising from 0.2 to 1.2 mmol L. But the
removal efficiency of Pb(Il) reduces from 90% to 65%. Thus,
the low temperature and small initial concentration of Pb(II)
is beneficial to trap this pollutant from the solution.

3.3. Effects of the coexisting substances

For the adsorption process, the presence of coexistent
substances can disturb the capture of model metal pollut-
ant [51]. From the engineering perspective of discharge for
lead-containing wastewater, herein, Cu(II), Ni(II) and Cd(II)
three cations as well as CA, NTA and EDTA three complexing
reagents were selected to describe effects of coexisting sub-
stances on the Pb(II) adsorption by the chelating membrane
(Fig. 7), all concentrations of coexisting substances were
from 0.2 to 1.2 mmol L. Unquestionably, the coexisting cat-
ions and complexing reagents show an explicit interference
on the Pb(Il) uptake. With the increase in concentrations of
three cations, the reduction in Pb(II) uptake becomes notable.
The interfering order of them is: Cu(II) > Ni(Il) > Cd(II). For
instance, as the concentration of these three coexisting cations
is 1.0 mmol L7, the Pb(II) uptake of the membrane decreases
by 28% for Cu(II), 20% for Ni(II) and 11% for Cd(II).
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The excessive CA, NTA and EDTA can be detected in
effluent originated from the lead electroplating industry,
and they always hinder the capture of Pb(II). Bearing a close
resemblance to the cations, these three complexing agents
also disturb the Pb(II) adsorption. As their concentration is
1.0 mmol L7, the Pb(II) uptake of the membrane decreases
by 9% for CA, 23% for NTA and 41% for EDTA. Therefore,
the negative effect of three complexing agents on the uptake
of Pb(II) follows a trend of CA < NTA < EDTA. The distur-
bance of EDTA is higher than those of other two complexing
agents. Although the presence of coexisting substances has
an adverse effect on the Pb(II) uptake, the chelating mem-
brane still can capture this metal pollutant, suggesting the
fabricated PES-type chelating membrane competent for trap-
ping Pb(II) from wastewater.
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Fig. 7. Effect of coexisting substance concentration on the Pb(II)
adsorption: ¢ (Pb(II)) = 1.0 mmol L; T: 298 K; pH: 5.4; membrane
addition: ~0.1 g; f: 60 min; solution volume: 200 mL.
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3.4. Studies of adsorption kinetics and adsorption isotherm

The adsorption kinetics and adsorption isotherms of
Pb(Il) uptake by the chelating membrane in the presence of
Cu(II), Ni(II), Cd(II), CA, NTA and EDTA with a concentra-
tion of 1.0 mmol L™ were studied at 298 K (Fig. 8); those of
single Pb(II) system are presented in Fig. 6. The change in
Pb(Il) uptake with time was analyzed by pseudo-first-order
and pseudo-second-order equations. As attested by Fig. 8(a),
the coexistence of Cu(Il), Ni(Il) and Cd(Il) interferes the
adsorption of Pb(Il) with a descending sequence of Cu(II) >
Ni(II) > Cd(II). Similarly, coexisting CA, NTA and EDTA also
have a negative effect on the Pb(II) adsorption (Fig. 8(a)), and
their interferences follow a trend of CA<NTA <EDTA.

Between the above-mentioned two adsorption kinetic
equations, taking the coefficient of determination (R?)
into view, the pseudo-second-order adsorption equation
(R*>0.99) is more suitable than the pseudo-first-order adsorp-
tion equation for describing the process of Pb(II) adsorption.
Therefore, the chemical adsorption may play a more import-
ant role in Pb(Il) adsorption than physical adsorption [52].
The analyzed parameters of the pseudo-second-order model
are listed in Table 1, where g, (mmol g™) is the equilibrium
adsorption capacity, k, (g min™ mmol™) is the rate constant,
RMSE is root mean square error and ? is the chi-squared dis-
tribution. By comparison of k,, it can be deduced that compet-
itive adsorption between Pb(Il) and three coexisting cations
accelerates the adsorption process. In addition, for the three
complexing agent coexisting systems, k, follows an increasing
order: single Pb(II) < Pb(II)-CA < Pb(II)-NTA < Pb(II)-EDTA,
which indicates the coexisting complexing agents exert an
interference on the Pb(II) uptake; among them, the adverse
effect of EDTA is the most significant.

Herein, three adsorption isotherm models of Freundlich,
Langmuir and Dubinin-Radushkevich (D-R) were used to
analyze the adsorption isotherm data for aforesaid seven
systems. It is very similar to the case of adsorption kinetics
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Fig. 8. Adsorption kinetics and adsorption isotherm for Pb(II) onto the chelating membrane (¢ (Cu(Il)) = ¢,(Ni(II)) = ¢ (Cd(II)) = ¢ (CA)
=¢,(NTA) = ¢ (EDTA) = 1.0 mmol L7; T: 298 K; pH: 5.4; membrane addition: ~0.1 g; solution volume: 200 mL): (a) adsorption kinetics

(c,(Pb(II)) = 1.0 mmol L); (b) adsorption isotherm (time: 60 min).
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(Fig. 8(b)), the coexistence of the cations and complexing
< © agents reduces the uptake of Pb(II). Among aforesaid three
Bl o o o models, the Langmuir model is more applicable than two oth-
== ¢ ers for describing this isotherm adsorption process. Also, the
Elagaasydadfas analyzed parameters of Langmuir model are listed in Table 1,
SoSdS NS =S oW wdere ?m (mm;)l)g )ﬁs e max1m1i1m adsorption capac1hy
and K, (L mmol™) is the Langmuir adsorption constant. The
o obtained g, is slightly greater than the experimental value
f_‘? - — = 53, because some active sites on the membrane surface are not
,Z;\ 2 S Eﬁi occupied. The value of K, related to the affinity to Pb(II) for
= L°§ & § [é <+ l% b gl‘i 8 above-mentioned three cations coexisting systems follows an
Else3383nx3388 order of Pb(II)-Cd(II) > Pb(II)-Ni(II) > Pb(II)-Cu(lI), thereby
suggesting the interference of Cu(Il) is higher than those of
o Cd(I) and Ni(II). Also, based on the value of K| for three com-
<o« _ '5 plexing agents coexisting systems, it can be inferred that the
AB=B= S o interferences of three complexing agents follow the trend of
o I A N S R To R B = S ) EDTA > NTA > CA. Although analyzed parameters for both
o Ve =R s B o NI RN & Y P
PlegsaagsEas2gqa2szs Freundlich and D-R models are not shown, their characteris-
tics are briefly described as follows: the obtained Freundlich
N ~ o parameter of 1/n corresponding to adsorption intensity
g I o o 5 is smaller than 1, indicating the easy occurrence of Pb(II)
- Yis e = El adsorption. The average free energy of adsorption derived
= gl & dxs + 33D E from D-R model ranges from 14.43 to 23.57 k] mol™, suggest-
E Pl 22Es=224d ing the chemisorption feature of Pb(Il) adsorption [53].
e In addition, three thermodynamic parameters, that
g = - is, standard free energy change (AG°), standard enthalpy
8 S - _ & change (AH°) and standard entropy change (AS°) at 298 K
g 4 = S 4 were also calculated to reveal the adsorption characteristics
g g3z + 343y« of Pb(II) adsorption by the chelating membrane. These three
£ Rl 2zHig2csH parameters were calculated by Egs. (10)—(12) [54]:
E
g
£ =) 2 K, =K, (10)
3 == 2 3
P Slddgesi8egy Ink. - _AH L AS (1)
= LR TN mR D2 M@ D
5 Al oSS =c oS S in RT R
o — » e e
B g © AG =AH -TAS (12)
= lzlElg s g 9
é 2 ':éo E E R 3« 3 § T T+ where K is the distribution coefficient (L mol™), R is the
S FlASS2SHI 83 SHE gas constant (J mol” K™) and T is the temperature (K). The
5 obtained AH® values for single Pb(II), Pb(II)-Cu(Il), Pb(II)-
g _ Ni(II), Pb(II)-Cd(II), Pb(II)-CA, Pb(II)-NTA and Pb(II)-EDTA
© % systems are —81.68, —-81.05, —72.78, —75.90, -79.64, —82.13,
—°é ~ £ —_— -78.53 k] mol™, thus illustrating the process of Pb(II) capture
? | @ o B o 5 being an exothermic reaction. The obtained AG® at 298 K is
g £ g k= IS g that: —23.30 for single Pb(Il), —22.67 for Pb(II)-Cu(II), -22.39
S |E EE B EE & for Pb(IT)-Ni(II), ~20.51 for Pb(II)-Cd(II), ~22.98 for Pb(II)-CA,
Tl (2232055 2. —21.13 for Pb(I)-NTA and —20.18 kJ mol™ for Pb(II)-EDTA
S |~ A MR e KM R e . -
3 system, verifying that the Pb(Il) adsorption process exhibits
% a spontaneous nature [54,55]. The negative AS° (in the range
= . of —0.16 to —0.21 k] mol™ K!) shows an decrease in the ran-
2 L domness of the adsorption system, this may be because the
3} S . . .
) ¢ water-unoccuping sites at Pb(I) are occupied by the oxygen
g 'g - and nitrogen atoms in aminophosphonic acid groups.
2 IEF gdle
T |2 S o Z o+ 3.5. Comparison of the uptake of Pb(II)
— § % "g — go S
_% TE § Y I g ”q, As the initial Pb(II) concentration, pH, adsorption time
e < ~E =S and temperature were kept at 1 mmol L7, 5.4, 60 min and
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298 K, respectively, the uptakes of this metal by pristine PES,
DETA-PES and the chelating membranes are depicted in
Fig. 9. It can be seen that the pristine PES membrane almost
cannot trap Pb(Il), the ability of fabricated chelating mem-
brane for the Pb(Il) capture is superior to that of DETA-PES
membrane. The Pb(II) uptake of fabricated chelating mem-
brane is more one-order magnitude of level than that of
DETA-PES membrane.

The Pb(Il) uptakes of some reported adsorbents are
reported in Table 2 [56-65]. By comparison of the data of
Pb(Il) uptake, the fabricated PES-type chelating membrane
shows an excellent property in the capture of Pb(II). Besides
the high affinity to Pb(Il), the chelating membrane can cap-
ture other metals (such as Cu(II) and Ni(I)). Therefore, this
fabricated chelating membrane will be competent for the
removal of toxic metals from industrial effluents.

1.0

0.8

0.6

0.4

q/(mmol g™

0.2

0.0

-0.2

Fig. 9. Pb(II) uptake of pristine PES (M1), DETA-PES membrane
(M2) and the chelating membrane (M3): ¢, (Pb(II)) = 1.0 mmol L;
T: 298 K; pH: 5.4; membrane addition: ~0.1 g; : 60 min; solution
volume: 200 mL.

Table 2
Comparison in Pb(II) uptake of different adsorbents

3.6. Continuous adsorption studies
3.6.1. Effects of flow rate and thickness of membrane stack

The effect of flow rate on the adsorption of Pb(II) by the
membrane stack with a thickness of 0.36 mm is shown in
Fig. 10(a). The adsorption capacity of the membrane reduces
with the increase in flow rate, this can be due to the fact
that the residence time of Pb(Il) in the membrane stack will
shorten with the increase in flow rate, and there is no enough
time to capture Pb(II), thus resulting in the decrease in the
uptake of this metal. Taking the result shown by Fig. 10(a)
into account, the flow rate of 0.46 cm min™ is selected for
other adsorption tests.

In addition, the effect of membrane stack thickness on the
Pb(II) uptake is given in Fig. 10(b). At the conditions of same
flow rate and initial concentration of Pb(Il), due to the poly-
aminophosphonic acid groups uniformly distribute on surface
and inner side of the membrane, three membrane stacks (with
thicknesses of 0.18, 0.36 and 0.72 mm) exhibit a similar affinity
to Pb(II), thus the discrepancy in the Pb(II) uptake is unremark-
able and can be ignored in some extent. But at the beginning of
Pb(II) adsorption, a thin thickness will be slightly helpful to the
increase in metal uptake, this may be due to the light weight
of membrane stack. The membrane stack with a thickness of
0.36 mm was employed to study the following study.

3.6.2. Analysis of breakthrough curves

The breakthrough curves of three membrane stacks with
thicknesses of 0.18, 0.36 and 0.72 mm were obtained for the
single Pb(II) and six coexisting systems (Pb(II)-Cu(II), Pb(II)-
Ni(II), Pb(IT)-Cd(I), Pb(IT)-CA, Pb(I)-NTA and Pb(I)-EDTA)
(Fig. 11), with the concentrations of all substances kept at
1 mmol L and the flow rate at 0.46 cm min'. The determined
TMP of membrane stack increases with the increase in thick-
ness of the membrane stack, for instance, The TMP value is
0.19 MPa for Z = 0.18 mm, 0.31 MPa for Z = 0.36 mm, and
0.45 MPa for Z =0.72 mm. However, for the above-mentioned
seven systems with the same membrane-stacked thickness,
the difference in TMP is inconspicuous.

Adsorbent Test condition Pb(Il) uptake Refs.
pH  Pb(II) concentration Temperature Time Adsorbent (mg g™)
(mmol L) (K) (h) addition (g L)

PES-type chelating membrane 54 1.0 298 1 0.5 291 This test
Novel chitosan 50 0.6 298 24 1 297 [56]
LS-GO-PANI 50 0.6 303 24 1.6 216 [57]
SMA 3.0 1.06 298 2 4 143 [58]
Chitosan nanofibrils 50 0.6 293 4 0.5 118 [59]
Pb(II)-imprinted silica 45 29 298 1 4 62 [60]
Tourmaline 50 03 298 50 2 108 [61]
Bromoacetylated apple seeds 40 5 298 24 0.5 523 [62]
MDA-Fe,O, 50 033 303 15 049 333 [63]
Activated carbon 6.0 048 303 1 0.35 23 [64]
SiO,/graphene 45 0.06 298 1 0.3 114 [65]
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Fig. 10. Effects of flow rate and thickness of membrane stack on Pb(II) uptake: (a) flow rate (c,(Pb(Il)) = 1 mmol L™; thickness of
membrane stack: 0.36 mm; T: 298 K; pH: 5.4); (b) thickness of membrane stack (c,(Pb(Il)) = 1 mmol L7; v: 0.46 cm min™'; T: 298 K;

pH: 5.4).
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Fig. 11. Tested breakthrough curve of Pb(II) adsorption by the chelating membrane and the fitted curves by BDST model:
(c, (Pb(1I)) = 1.0 mmol L; T: 298 K; v: 0.46 cm min™'; pH: 5.4; Z = 0.18, 0.36, 0.72 mm): (a) tested breakthrough curves; (b) fitted curves
by BDST model (c,(Cu(Il)) = ¢,(Ni(II)) = c,(Cd(II)) = ¢,(CA) = ¢ ,(NTA) = ¢ (EDTA) = 1.0 mmol/L).

At the initial time, when the Pb(Il)-containing feed was
bumped through the membrane stack, the Pb(II) concentration
in effluent cannot be detected. This is due to the effect of Pb(II)
capture by the sufficient unoccupied sites in the membrane
stack. With the extension of filtration time, more and more
aminophosphonic acid groups anchored on the active sites
are chelated by Pb(Il), and the amount of unoccupied sites
decreases, so the concentration of Pb(Il) in effluent slightly
increases; this process is usually named the breakthrough of
membrane stack. After that, the Pb(Il) concentration in efflu-
ent rises drastically until it reaches a stable value, which cor-
responds to the absolute breakthrough of membrane stack.
The breakthrough time (t,, the position at ¢/c, = 0.05) and the
exhaustion time (¢, the position at ¢/c, = 0.95) [41] are pro-
longed with the increase in thickness, this is interpreted as
follows: for the single Pb(I) system, as Z rises from 0.18 mm
to 0.36 and 0.72 mm, ¢, extends from 6.19 min to 12.22 and
25.08 min; accordingly, ¢ prolongs from 45.35 min to 90.47 and
170.55 min. Compared with the single Pb(Il) system, ¢, and ¢,
for other six coexisting systems decrease, showing the distur-
bances of the coexisting cations and complexing agents. When
the thickness of membrane stack is 0.36 mm, compared ¢, and

t, of six coexisting systems with those of single Pb(II) system, ¢,
and t, decrease to 8.09 and 58.8 min for Pb(II)-Cu(II), 9.28 and
75 min for Pb(I)-Ni(II), 11.16 and 82.28 min for Pb(II)-Cd(II),
10.22 and 86.83 min for Pb(Il)-CA, 8.54 and 68.12 min for
Pb(II)-NTA, 7.23 and 51.18 min for Pb(I[)-EDTA. Among the
coexisting cations and complexing reagents, the disturbances
of Cu(Il) and EDTA on the Pb(Il) uptake are the most notable.
The obtained S-type breakthrough curves hints that the
BDST model will be applicable for the analysis of experimen-
tal data [66], and the analyzed parameters of this model are
reported in Table 3. Taking the coefficient of determination
(R?>0.99) into view, it can be confirmed that BDST model is
suitable for describing the breakthrough process. By compari-
son of obtained K, values for the single Pb(II) system and these
six coexisting systems with the same thickness of membrane
stack, for the single Pb(II) system, the larger K suggests that a
thin membrane stack can avoid the breakthrough [66]. While,
for the six coexisting systems mentioned earlier, the thicker
membrane stack should be required to avoid the occurrence
of breakthrough. The needed thickness of membrane stacks
follows an order of Pb(IT)-EDTA > Pb(II)-Cu(II) > Pb(II)-NTA >
Pb(II)-Ni(II) > Pb(II)-Cd(II) > Pb(II)-CA > single Pb(II).
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3.7. Analysis of PDEs
3.7.1. Result of PDEs analysis

As a matter of fact mentioned earlier, among the coexist-
ing cations and complexing reagents, the disturbing effects
of Cu(Il) and EDTA on the Pb(II) uptake are most remark-
able. Thus, the negative influences of Cu(ll) and EDTA on
the distribution of Pb(Il) along the depth direction of mem-
brane stack were evaluated. The analyzed results of PDEs for

Table 3

291

single Pb(II), Pb(II)-Cu(Il) and Pb(II)-EDTA systems with a
membrane stack thickness of 0.36 mm are shown in Fig. 12.
As indicated by Figs. 12(a)—(c), there are Pb(II) concentra-
tion gradients for all above-mentioned three systems, that is,
the Pb(Il) uptake shows a decreasing trend along the depth
direction of membrane stack. This can be explained that the
Pb(II) concentration of influent becomes lower as the solution
contacts the underpart of membrane stack due to the capture
of this metal by upside membrane matrix, thus resulting in

Analyzed parameters of BDST model for Pb(II) adsorption by the chelating membrane at 298 K

System Z (mm) t, (min) t (min) BDST model
N, (mmol L) K (L min™ mmol™) R? RMSE 12
Single Pb(II) 0.18 6.19 45.35 1,060.29+32.12 0.55+0.05 0.998 2.72 7.37
0.36 12.22 90.47
0.72 25.08 170.55
Pb(II)-CA 0.18 5.21 42.64 985.05+49.95 0.46+0.04 0.995 4.22 17.83
0.36 10.22 86.83
0.72 20.02 159.41
Pb(II)-Cd(II) 0.18 5.34 38.63 889.66+78.22 0.40+0.02 0.985 6.61 43.72
0.36 11.16 82.28
0.72 21.96 144.84
Pb(IT)-Ni(IT) 0.18 4.96 37.34 806.23+54.10 0.3620.01 0.991 417 20.91
0.36 9.28 75
0.72 19.05 133.21
Pb(II)-NTA 0.18 4.24 35.55 704.81+44.17 0.30+0.01 0.992 3.73 13.94
0.36 8.54 68.12
0.72 17.06 119.29
Pb(II)-Cu(II) 0.18 3.95 34.47 617.27+1.55 0.28+0.02 0.999 0.13 0.02
0.36 8.09 58.8
0.72 16.25 106.97
Pb(I)-EDTA 0.18 3.46 29.8 495.79+17.52 0.26+0.02 0.996 1.48 2.19
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Fig. 12. PDEs analyzed data for captured Pb(II) concentration on the membrane stack: (a) single Pb(II) system; (b) Pb(II)-Cu(II) system;

(c) Pb(II)-EDTA system.
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the decrease of Pb(II) uptake. At the fixed position along the
depth direction of membrane stack, the captured amount of
Pb(Il) at this point rises with the filtration time increasing.
But it follows a descending order of single Pb(II) > Pb(II)-
Cu(Il) > Pb(I)-EDTA, also suggesting the interferences of
Cu(IT) and EDTA. Of course, EDTA shows a more detrimen-
tal effect than Cu(II) on the Pb(II) uptake.

CuT n B
[ | [T -

e B g
[rinii

(e)
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3.7.2. Validated results of SEM and XPS

The analyzed results of PDEs for the above-mentioned
three systems were validated by SEM and XPS measure-
ment (Fig. 13). The results of SEM are shown in Figs. 13(a),
(c) and (e), and the XPS spectra of Pb(Il) in Figs. 13(b),
(d) and (f). There are three labeled positions (1, 2 and 3)
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Fig. 13. Validated results for PDEs analysis by SEM and XPS measurements: ((a) and (b)) single Pb(II) system; ((c) and (d)) Pb(II)-Cu(II)

system; ((e) and (f)) Pb(II)-EDTA system.
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Table 4
Determined Pb(II) content (at%) by EDS and XPS
Position EDS XPS
Single Pb(II) Pb(IN)-Cu(II) Pb(II)-EDTA Single Pb(II) Pb(II)-Cu(II) Pb(II)-EDTA

1 4.1 2.4 2 3.6 2.1 1.8

3.5 2 14 3.1 1.5 14

3 2.9 1.5 0.8 2.6 0.9 0.8

0 4. Conclusions
A PES-type chelating membrane bearing the aminophos-
L 150 g phonic acid functional groups was fabricated and employed
to capture Pb(Il) from aqueous solution via an adsorption
process. The adsorption characteristics of Pb(Il) by the che-
i ‘ 1100 lating membrane with the presence of coexisting Cu(ll),
B Adsorption Ni(II), Cd(II), CA, NTA and EDTA were studied. The capture
~ Lo} BBl Dcsorption i performance of this metal by the chelating membrane was
o evaluated by a continuous filtration test. The concentration
g distribution of Pb(I) along the depth direction of membrane
£ 051 i stack was also evaluated. In addition, the reused property of
:9 this membrane was assessed. The conclusions are shown as
0.0 follows:

1 2 3 4 5 6 7 8 9 10
Cycle Number

Fig. 14. Regeneration performance of the chelating membrane.

employed to assess the Pb(Il) distribution along the depth
direction. Positions 1, 2 and 3 are, approximately, close to
the top, middle and bottom of the membrane stack, respec-
tively. The determined Pb(II) contents by EDS and XPS
measurements at these three positions for single Pb(II),
Pb(II)-Cu(Il) and Pb(II)-EDTA three systems are tabulated
in Table 4. Compared with the Pb 4f spectra for each sys-
tem, the intensity of Pb 4f follows an increasing trend of
position 3 < position 2 < position 1. At the same position, the
intensity of this metal for the above-mentioned three sys-
tems is in the sequence: single Pb(II) system > Pb(II)-Cu(II)
> Pb(II)-EDTA. Unambiguously, the results in Fig. 13 and
Table 4 confirm the presence of concentration gradient for
Pb(II) along the depth direction (namely, the Pb(II) uptake
decreases with the extension in depth of membrane stack);
also the interferences of Cu(Il) and EDTA are validated.
These results are perfectly consistent with the results of
PDEs.

3.8. Reused property of the chelating membrane

Lastly, the reused property of fabricated PES-type chelat-
ing membrane was evaluated; herein, 0.5 mol L™ of H,SO,
solution was employed to regenerate this chelating mem-
brane. The adsorption/desorption processes were performed
10 times (Fig. 14). After 10 turns of adsorption/desorption
processes, the Pb(II) uptake still exceeds 0.8 mmol g™ and its
loss is less than 10%, so the adsorption capacity of the mem-
brane is well maintained. In addition, DE of the membrane is
larger than 95%. Based on this result, the fabricated PES-type
chelating membrane can be repeatedly used for the removal
of Pb(Il) from the aqueous solution.

(1) The coexisting cations and complexing reagents interfere
with the Pb(II) adsorption onto the chelating membrane.
The disturbance of three cations follows an order of Cu(II)
> Ni(Il) > Cd(II). For the three complexing reagents, the
detrimental effect of EDTA on the Pb(II) uptake is much
higher than that of CA and NTA.

(2) The coexisting cations and complexing reagents
decrease the Pb(II) uptake, but they do not alter the
Pb(II) adsorption nature of the chelating membrane. The
pseudo-second-order equation and the Langmuir model
are applicable to describe the adsorption kinetics and
the adsorption isotherms, respectively. The uptake of
Pb(Il) is a spontaneous and exothermic process. Also, the
chelating membrane shows an excellent reused property,
suggesting a potential application in recovery of Pb(II)
from the aqueous solution.

(3) Based on the PDEs analysis and following EDS and XPS
verifications, the concentration gradient of Pb(II) along
the direction of axial filtration depth is identified, that
is, the captured Pb(II) on the membrane stack decreases
with the extension of filtration depth.
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